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ABSTRACT 

Calibration testa have bean conducted in tha Two Foot Electrogasdynamics 

Facility (2 Ft EGF) to determine test eectlon core else and flow parameters. 

Results contained in this report cover a 5 year period and consist of data 

obtained using the 7.19 and 19.36 Inch exit disaster conical nossles. 

Measured test section parameters are local aass flux, iapact pressure and 

heat flux, with local freestrean velocltiea and densities and stagnation 

enthalpies being calculated. 

Reaulta shown indicate fluctuations in measured parameters and the 

necessity for further developmental work to enhance the usefulness of the 

facility as an aerodynamic research tool. Calibration runs sre necessary 

at each required operating condition for any test program in tha facility 

and must be conducted in conjunction with the test program. Parameters 

preaented in this report are useful for obtaining an eatiuate of flow 

conditloue expected for future teat planning. 
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I. INTRODUCTION 

i> The Two-Foot Electrogasdynamics Facility (2 Ft EGF) is an arc heated, 

hypersonic wind tunnel operated by the High Speed Aero Performance 

Branch, Flight Mechanics Division of the Air Force Flight Dynamics 
i 

Laboratory (AFFDL). The 2 Ft EGF serves as a high enthalpy research tool 

with the advantage of economy and flexibility of operation. 
i 

The 2 Ft EGF is capable of Mach 6 to 12 operation «t bulk enthalpy 

levels to 7500 BTU/lbm. Arc heaters are tubular coaxial electrode type 

operating on a maximum 4 megawatts rectified D.C. power with high pressure 

air as the test gas. The conical nozzles used have 7.19 or 19.36 inch 

exit diameters, and a 9.5 inch exit diameter Mach 10 contoured nozzle is 

available. An open jet test section is used, and the replaceable diffusers 

are sized to match the available nozzles. 

Beachler (Reference 1) presents a brief history of the facility 

along with results of test section calibration runs with the 7.19 and 

19.36 inch noszle systems before 1968. Zonars (Reference 2) presents 

calibration results obtained with the 9.5 inch contoured nozzle at 3 test 

conditions. Further calibration data with the conical nozzles is presented 

in Reference 3. Because of the infinite number of test conditions obtainable 

by varying stagnation pressure and power input to the arc heater, only 

certain selected conditions were tested and documented in References 1-3. 

In order to eliminate a great number of variables and still provide 

useful operating points for tests, calibration runs since 1968 have 

concentrated on obtaining repeatable results at three widely separated test 



conditions with the conioal nobles. Ib. conditions- <**»» ~» "•* 

stagnation enthalpy and low stagnation pressure, high pressure and low 

enthalpy, and an intermediate pressure/enthalpy point. The conditions, 

described in Section IVA, were not masimum or minimum operating limits of 

the arc heaters and other associated equipment, but were chosen to provide 

a useful test range with optimum equipment life. 

Results presented in this report are from 7.19 and 19.36 lach conical 

nozzle calibration tests using a standard 0.«75 inch diameter nozzle throat 

and two arc heaters of different operating characteristics. Flow diagnostic 

probes used consisted of a combination mass flux - impact pressure probe 

und a steady state calorimeter. Local stagnation enthalpy, freestream 

velocity and freestream density were calculated from parameters measured by 

the diagnostic probes. 



II. FACILITY DESCRIPTION \ 

The 2 Ft EGF consists of a heat source provided by a coaxial* 

electrode arc air heater and a test leg which includes the nozzle system, 

test cabin, diffuser system and heat exchanger. The high pressure air 

supply, 4 megawatt power supply and vacuum system complete the facility. 

A schematic is presented in Figure 1. 

The arc heaters used in the calibration tests were designated N-4000 

and N-4001 heaters and were designed by Linde Div., Union Carbide Corp. 

and modified in-house. The N-4000 arc heater is designed for relatively 

high pressure and moderate enthalpy operation while the N-4001 arc heater 

is designed for moderate pressure/high enthalpy operation. Cutaway views 

of the arc heaters are shown in Figures 2 and 3. 

The test cabin is of the »pen jet type with free jet length from 

1^.50 to 28.50 inches, determined by the nozzle/diffuser combination used. 

The model injection system, located in the bottom of the test cabin, is 

capable of 14.5 inches of axial traverse or model pitch angles from -5 to +45 

deg and 360 deg of roll. In addition to the model infection system, two 

struts are injected across the nozzle centerllne from 37.5 deg above the 

horizontal center plane of the test section. The side struts are used for 

flow diagnostic probe insertions and provide the capability of making flow 

calibration checks during a test run. Each system can be injected manually, 

swept to a designated point in the flow and out, or stepped in and/or out 

of the flow in 8 increments. Figure 4 shows a schematic of the test cabin 

with nozzle/diffuser systems outlined. 
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The nozzle/diffuser combinations used during the calibrations runs 

are presented in the table of Figure 5. Both nozzles were 15 deg conical 

nozzles with 0.4375 inch diameter throats. The nozzle throat sections are 

an integral part of the arc heater front electrode thereby utilizing the 

front electrode water cooling system. The expansion section of the nozzles 

was cooled by a separate low pressure water source. 

The diffuser used with the 7.19 inch diameter nozzle was the same as 

reported in Reference 1 and shown as Configuration I in Figure 5. During 

calibration tests prior to 1970, a 21 inch throat diameWr uncooled 

diffuser, listed as Configuration II in Figure 5, was used with the 19.36 

inch nozzle. Modifications to the facility in 1970 included the installation 

of a water-cooled diffuser with a throat diameter of 22 inches and a length 

of 327.5 inches. This diffuser is shown in Configuration III of Figure 5. 

The air/water heat exchanger, composed of 12 rows of 1 inch dia. 

copper tubes is located at the outlet end of the diffuser system. In order 

to accommodate the increased length of diffuser throat from Configuration II 

to III, all tubes in the heat exchanger casing were moved downstream as far as 

practical, and the diffuser outlet wa« extended into the heat exchanger casing. 

Thermocouples located in the heat exchanger tubes indicated that the 

reconfigured heat exchanger effectively cooled the hot test gases to less 

than 100°F before the gases entered the vacuum system. 



The high pressure air aupply 8ystem conaiata of 9 high preaaure air 

vessels with a total capacity of 548 cubic feet. The •easels were charged 

to 2500 paia by a 7 stage converted nitrogen compressor capable of supplying 

2 lb/sec of dry air at 2500 paia. A metering orifice, throttling valve, 

high pressure regulator and isolation valves complete the ayatem. 

The vacuum 8yatem conaists of a 66,000 cubic foot vacuum sphere and 

19 mechanical pumps. The vacuum system is connected to the test leg in 

the arrangement ahown in Figure 1 and la capable of evacuating the teat leg 

to leaa than 0.1 Torr for initial atartup. During a teat run all pumpe 

are on and the vacuum aphere ia connected to the teat leg to produce maximum 

operating timea. 

The direct current power aupply used in the 2Ft EGF is composed of 

4 full wave ailicon diode rectifier unita, each rated at 500 KW. The unita 

can be connected in aeries, parallel or aeries/parallel arrangementa and 

operated at 100Z overload for up to 5 minutea to produce a maximum available 

power of 4 MM. The operating time for the power supplies is limited primarily 

by tranaformer temperature. 

Three aeparate cooling water «ystema are used to protect 2 Ft EGF 

equipment from overheating. Cooling water to the arc heatera la aupplled 

at 500 paig from a cloaed circuit deminerallzad ayatem capable of delivering 

300 gpm. The nozzle effuaer section, diffuser, power supplies, test cabin, 

and air/water heate exchanger are cooled by a 125 paig coolant 8yatem 

capable of aupplying 1200 gpm of 8oftened water. A seven channel chemically 

softened water ayatem, delivering 16 gpm at 600 p8ia, ia used for cooling 

atruts and probea in the teat section. 



III. INSTRUMENTATION AND DATA COLLECTION 

Each component of the facility was Instrumented as fully as possible 

to provide accurate pressure, temperature and flow rate records where 

required. While not all of the measured parameters are used in determining 

aerodynamic flow characteristics of the facility, many of the measurements 

are necessary to aid In detecting possible component failures and to be used 

as inputs to the facility safety interlock system. Reference 4 describes the 

instrumentation for each component of the facility, and Table I presents 

a brief description of each instrumentation item used to obtain results 

presented in this report. Ranges and accuracies are given where applicable 

and known. 

A safety interlock system is utilized in the 2 Ft E6F which permits 

safe automatic shutdown of the facility if any one of the critical components 

fails in any way. A time resolved system of annunciators located at the 

operator's console aids in determining the cause and location of a component 

failure during a test run. Reference 1 contains a complete description 

of the safety interlock system. 

A combination mass flux-impact pressure probe and two different 

types of hemispherical steady state calorimeters were used to measure flow 

properties in the test section. The mass flux-impact pressure probe, 

fully described in Reference 5, is an aspirating type probe with an accurately 

measured sharp edged inlet. When used to measure mass flux, the gas sample 

is passed through a low density flow transducer for measurement and into a 

combination vacuum pump and storage system. The pressure differential 

through the mass flux measuring system is sufficient to assure swallowing 
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of the bow shock at the probe tip. A valve upstrean of the low density 

flow transducer allows closing of the mass flux measuring system when the 

probe is used to measure impact pressure. The response time of the system 

requires approximately 5 seconds to obtain a stabilized mass flux measurement 

and about 3 seconds for an impact pressure measurement. 

The first steady state calorimeter used contained a 0.530 inch diameter 

copper slug faired into the 1.0';£n.. diameter probe tip. The slug is insulated 

from the probe body, and a spiral groove is machined in the back surface. 

Heat is removed from the known area of the probe tip by passing cooling 

water at high velocity through the spiral groove. Inlet and outlet temperature 

and flow rate of the cooling water are measured to determine heat input to 

the slug. This probe is capable of measuring heat transfer rates from 

2 
100 to 420 BTU/ft -sec with an accuracy of +10Z of the measured reading. 

The response time of the system requires 8-10 seconds to obtain stabilized 

measurements of parameters to calculate heat flux. A total time of approximately 

90 seconds is required to complete an eight step survey of the test core. 

More complete details of this probe are presented in Reference 5. 

A high response steady state calorimeter has been used to measure 
i 

heat flux in the facility. The high response probe has the same dimensions 

as the standard calorimeter, but a Gardon type heat flux sensor is Installed 

in the probe tip instead of the swirl Insert. The Gardon sensor, shown in 

Figure 6, consists of a disk of constantan foil exposed to the airstream and 

connected to a copper heat sink. The sensor is precalibrated to produce 

2 
a millivolt signal which converts directly to BTU/ft -sec without the necessity 

of measuring water flow rates and inlet and outlet temperatures. 



Approximately 3 seconds is required to obtain a heat flux measurement 

2 
at each probe position. Heat transfer rates to 500 BTU/ft -sec can 

be measured by the high response calorimeter with an accuracy of +10 

percent. 

Various types of amplifiers, filters and reference junctions are used 

to condition the signals obtained from the facility instrumentation. 

Figure 7 is a schematic of the data' processing system shoving the input 

parameters, signal conditioning equipment, recording and monitoring 

apparatus. Strip chart recorders, visicorders and meters are available 

for on-line monitoring of facility parameters during a test run. A 200 

channel data logger, equipped with a paper tape punch is used to record data 

during calibration of the instruments. The data logger is too slow, however, 

to be used during tests. 

Analog signals from the facility are passed through a 160 channel 

analog-to-dlgital converter and stored on magnetic tape at the rate of 57 

scans per second. Final data reduction is accomplished on a CDC-160A 

computer within 30 minutes after a test run. 



XV.  TEST DESCRIPTION 

A. Test Conditions - The original concept of this study was to obtain 

calibration data at many different operating conditions. Because of the 

vide range of opesating conditions possible in this facility it was decided 

to limit the study to three pressure/enthalpy levels and concentrate on 

obtaining several repeat runs at each operating level. One nozzle throat size, 

0.4375 in. dia., was used, and stagnation conditions were chosen to provide a 

minimum, intermediate and maximum opesating pressure with stable flow and no 

arc blow-out. 

While early calibration runs were conducted at minimum pressure levels 

of 150 and 200 psla, the major part of this study has been conducted at 

pressure levels of 250, 350 and 500 psia; which represent more stable operating 

points,with respective arc current levels of 1800, 750 and 550 amps. Table II ie 

a listing of valid calibration runs made in the 2 Ft EGF which have some flow 

parameters presented in this report. Conditions listed in Table II are 

average values for the entire test run. Table III presents a comparison of 

stagnation pressures, enthalpies and mass flows desired and average conditions 

achieved during the calibration ;ccsts. 

B. Test Procedure - Immediately prior to each test run an air-off 

data point was recorded for use as initial zeros in data reduction. After 

flow had been established and stabilized in the test section, each flow 

diagnostic probe was injected to nozzle centerline in 8 steps starting just 

inside the nozzle edge. Approximately 15 scans (0.25 sec) of data were 

recorded at each step. A final air-off data point was recorded after tunnel 

shutdown to determine any zero shift of the instrumentation dnring the test run. 



C. Data Raduction - Raw voltages on aach channel war« averaged for 

each test point, and data were reduced to parameter form through leant 

squares curve fits from constants obtained from Instrument calibrations. 

In most cases, a first order (straight line) curve fit was sufficient. 

Supply line pressure and stagnation pressure reduced zeros were set equal 

to atmospheric pressure, and various other pressure reduced zeros were set 

equal to test cabin static pressure in order to account for any instrumentatio» 

electronic shifts. 

Bulk stagnation, or heat balance, enthalpy was calculated by subtracting 

measured heat losses in the arc heater/nozzle from the measured power input 

to the arc heater, or 

HOHB " HIN " "LOSS (1) 

HTN - -9481 El , BTU/lbm (2) 
IN    1000 ft 

u      „ ATtFM,+A-5JEM> +AT3FM3 +AT4Fw*&Tyl>lf (3) 

"tos, "7.2. N\ «°K 

Locations of  AT»  and Fu measurements are listed in Table I. Mass 

flow was calculated from the relation 

*c t\Iftu)(*&  '  Hy^e (4) 

where k - predetermined discharge coefficient 

A relationship between heat flux, impact pressure and enthalpy was 

derived in Reference 7 as 

i.*x(irf')[%P(t*.-*.)6<rt) (5) 
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Reference 7 has shown from a simplification of the Fay and Riddell relation 

(for Lewis Nr. - 1 and Prandtl Nr. - .71) that 

A- 2.25 and 

t ■ 1 6or blunt nose axisycnietric bodies 

Therefore equation (5) can be written as 

or 

H0 = /7.-?7g,\f|p -f-^w , 6TU.//k, (6) 

where do • calorimeter diameter, inches 

•nd  Hw - residual enthalpy in trie calorimeter, approximately 120 BTU/lbm 

Measurements of local mass flux, (OiX)w , and impact pressure, P_ 

were used with an empirically determined factor of 0.94 to calculate velocity 

and density by modified Newtonian theory and 

2 3 
where PT2 is in lb/ft ,   ^«is in slugs/ft and Um is in ft/sec. 

3 
Rearranging and converting PT2 to MM Hg and £<*, to lb/ft , equation (7) 

becomes 

/44ff (.OH34-) firx.   __    BS~ (o PTa.       $+/ 
W<B s      0.94 (ptl.)^ '   (?*)„    ;       " *««■ (8) 
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Demsity (or more correctly, specific weight) is then calculated fron the 

relation 

12 

(9) 



V. RESULTS 

Ä. General - Data, froin a total of 114 test runs are presented In this 

report. Much of the data was obtained during operations for other test 

programs with various parameters not being measured. Most notable is the 

lack of mass flux profiles for the 500 psia condition with the 7.19 inch 

nozzle and the lack of heat flux profiles at all 7.19 inch nozzle conditions. 

Where possible each profile is the average obtained from several runs, and 

maximum and minimum valves are. shoxvn on the curves. 

Variations in operating parameters are presented in Figures 8, 9, and 10. 

Each point on the figures is an average of several runs listed in Table II. 

Vertical lines on Figures 8 and 10 indicate jaaximura run-to-run deviations from 

average values at the stagnation pressures tested. The Inability to set and 

repeat desired operating conditions from run to run is an inherent characteristic 

of this type of facility and the arc heaters used. During a test run the 

stagnation pressure and arc current are controlled, and arc voltage and mass 

flow are allowed to stabilize where they will. Voltage levels achieved depend 

on electrode condition and the development of arc attachment points in the arc 

heater. Measured parameters used to calculate heat balance enthalpy, H  , and 
°HB 

mass flow rate, M, are located a. various distances from the arc heater and the 

readings recorded on magnetic tape are not actual arc heater conditions at the 

specific recording time. Separate mass flow vs. stagnation pressure curves 

for each arc heater, shoun in Figure 9, are due to the different air injection 

systems used on the arc heatere. The six air injection jets of the N4000 arc 

2 
heater, shown in Figure 2, have a total inlet area of .031 'in while the air 

injector ring of the N4001 arc heater (Figure 3) has a total inlet area of 

2 
.013 in . The N4001 arc heater was assigned to operate at lower air mass flow 

i 

rates than the N4000 arc heater in order to obtain much higher bulk enthalpies 

at approximately equal power levels. Maximum deviations in nozzle exit static 
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pressures, as shown in Figure 10, indicate that the test core was not fully 

developed on several runs. P„ values in Table II show that there is no 

run-to-run predictability of the deviations. 

B. 7.19 Inch Nozzle - Figure 11 presents measured mass flux and 

impact pressure profiles measured in the test section with the 7.19 inch 

nozzle system. Data for stagnation pressures of 150, 200, and 350 psia 

are shown, and calculated freestream velocity and density profiles were 

obtained from mass flux - impact pressure profiles. A test core radius of 

about 2 inches is seen from the measured data. A test core radius of 

approximately 2.9 inches was predicted using the method of Reference 6. 

A possible cause of the difference between predicted and measured test core 

size is the measuring probe influence on the test core as the probe is 

injected through the boundary layer. Predicted freestream velocities are 

somewhat higher than values calculated from tunnel measurements and calculated 

freestream densities are generally within the predicted range. It must be 

noted that predictions obtained from Ref. 6 are only rough estimates and are 

calculated for equilibrium or frozen nozzle flow. Also, steady one-dimensional 

flow with negligible heat transfer and viscous effects are assumed. Actual 

test cases presented in this report are nonequilibrium cases, and any or all 

assumptions made for the predictions may be violated. Accuracy of the mass 

flux measurements, while not determined precisely, is thought to be no greater 

than +10% as indicated by run-to-run variations in the test section profiles. 

No heat flux profiles were obtained while the 7.19 inch nozzle was in use, so 

local stagnation enthalpy calculations were not available. 

14 



Test section parameters presented in Figure 11 were obtained early in 

this program. Figure 12 presents later results. Froa these profiles it is 

apparent that the test core has not opeaed t© the radius estimated by Ref. 6. 

Figure 12 shove minimum end maxima impact pressures for each stagnation 

pressure level to indicate the repeatability of the measurement. Maximum 

deviation in the test core was -5.2% to 4&'.2% at 350 psia stagnation pressure. 

The deviations are due pertly to rca-to-run variations in control parameters 

and partly to the accuracy of the instrumentation. 

C. 19.36 lach Nozsle - Becaase of its size and the ability to test 

larger models, the 19.36 inch exit diameter conical nozzle is the most 

extensively used configuration of the facility. Figure 13 presents averaged 

flow parameters which were obtained with the 19.36 inch nozzle at 4 stagnation 

pressure levels. A 200 psia stagnation pressure/6400 BTU/lb bulk stagnation 

enthalpy operating condition is shown with the three "standard" operating 

conditions. 

Test section profiles presented in Figure 13 indicate a greater nozzle 

exit boundary layer than predicted by «he method of Ref. 6. Several factors, 

such as nozzle wall tampers sure, end täurfaee roughness, would tend to create 

a different nozssla boundary layer in the real case than theory would predict. 

For instance, predictions were based on a laminar boundary layer in the 

nozzle while in the actual case copper oxides from the arc heater electrodes 

are deposited on the nozzle wall to create possible tripping of the boundary 

layer. Local stagnation enthalpies, freestream velocities and densities were 

calculated using measured values of mass flux, impact pressure and heat flux. 

These measurements were obtained free the edge of the nozzle exit, and the 
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assumption was made that symmetrical flow was produced in the conical nozzle. 

Mass flow rates and bulk enthalpies were obtained by integrating mass 

flux and local enthalpy profiles for comparison with measured reservoir 

parameters. Integrated values,,presented in Figure 14, are seen to agree 

within +15 percent for both parameters. A major cause 6or disagreement 

between integrated and bulk values is the use of only eight widely spaced 

data point« to obtain the flow profiles. Accuracy of the instrumentation used 

for the measurements, shown in Table I also contributes to the discrepancies. 

Repeatability of the diagnostic probes is demonstrated in the data 

presented in Figure 15. Results presented for the 350 psia stagnation 

pressure condition are typical for the other conditions tested. Shaded 

symbols are average values from a total of 20 test runs made over a 3-year 

period. Lines showing maximum and minimum values of parameters are included. 

Poorest repeatability is shown in the mass flux profiles of Fig. 15a, where 

a +32 percent variation at the test section centerline is evident. A 

variation of -15.5? to +23.5% in centerline heat flux is sesn in Figure 15c. 

The most repeatable parameter measured in the test section was Impact 

pressure (Fig. 15b) where centerline values varied from the average by -5.5% 

to +7.6%. While some variation in the profiles is caused by run-to-run 

variations in operating conditions, condition of the probe tips and actual probe 

measurement fluctuations are major causes for measurement errors. After 

severel runs the sharp leading edge of the mass flux probe tended to roll 

slightly because of heat and foreign objects in the airflow. This plus a buildup 

of deposits from the arc heater causes a change in the probe capture area and 

possible incomplete swallowing of the bow shock. While these effects are not 
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evident in impact pvx^ur;. rLetE^re^aatSj £ elight change in the condition 

of the probe inlet geometry does» contribute significantly to errors in mass 

flux measurements. A buildup of foreign material from the arc heater on 

the constantan foil surface of the. rast flux gage also affected the measuring 

properties of that probe by changing the heat conduction properties of the gage. 

The impingement of solid particles of copper oxides on the face of the gage 

also causes high heat flur steaav-reEientr.. Thsaa particles are produced by 

the erosion of the copper electrodes; in the arc heater and contribute 

unavoidable errors in aerodynaaie neat flux measurements. 

Because of the variations m diagnostic probe measurements, calibration 

data must be obtained during any tes; nrogram being conducted in the 2 Ft EGF» 

Several calibration rune are made at the start of any test program and check 

points are obtained during the course of ten icing. 

A/ 



VI.  CONCLUSIONS 

From results presented in this report it is evident that several 

problems in maintaining stable operating conditions and measuring both 

test section and operating parameters remain to be solved and improved. 

While stagnation pressure and arc heater current, the two set 

operating parameters, can be controlled, the resulting arc heater voltage 

and air mass flow rates are not controlled. The measurements of these 

parameters do not vary in a predictable manner. The amount of operating 

time on the electrodes, arc contact zones and methods and placement of 

parameter measuring equipment all affect voltage and mass flow measurements. 

Consequently, bulk stagnation enthalpy measurements, which depend on voltage 

and mas8 flow rates, could not be predicted with any consistency. 

The method outlined in Reference 6 does not provide an accurate 

prediction of the test core. The assumptions are not sufficiently valid 

to use the technique for definition of test section parameters. The method 

Is acceptable for defining parameters for pre-tast planning. 

Test »action maaaurementu vary to a  larger disgrcic than desired. 

The exact reason is not knovn.  Contributing factors can be variance in 

operating conditions, heater and instrumentation error. 

Of special concern is the measurement of mass flux, which exhibited the 

most random variation of the three test section parameters measured. Heat 

flux measurements also indicate that further improvements are needed to 

provide more consistent measurements. 
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Although reiiÄscs variation?; ia measured test section parameters 

exist, meaningful test programs can still be conducted in the 2 Ft EGF by 

performing calibration check rcAeoureKsnts in conjunction with the test 

program. 
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